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ABSTRACT 
The ozone oxidations of hydrocarbons are important 
reactions in air pollution because they represent a signif- 
icant step in the formation of photochemical smog. The 
formation of smog is a non-equilibrium process, dependent 
on the rates of a sequence of reactions involving nitrogen 
oxides, atomic oxygen, ozonep and hydrocarbons. This paper 
contains (1) a review of published data on the kinetic rate 
constants for the ozone oxidation of hydrocarbons, and (2) 
the results of an experimental study of ozone decomposition 
and ozone-ethylene reaction stoichiometry. The review in- 
cludes published data on alkanes, alkenes, alkynes, aro- 
matics, and oxygenated hydrocarbons. 
The experimental study was made using cylinder ozone 
dissolved in Freon-13, and involved monitoring the pressure 
changes that occurred during reaction in a constant volume 
glass reactor. With this technique, the ozone decomposition 
rate was much higher than that predicted by published data, 
apparently from catalytic effects or reactions involving the 
Freon-13. In the ozone oxidation of ethylene the effect of 
the initial reactant ratio was significant, and the data in- 
dicated that competing reactions were involved. Finally, 
several factors requiring clarification are cited, and sug-' 
gestions for additional experimental work are included, 
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INTRODUCTION 
There i s  evidence tha t  more than  e i g h t y  gaseous 
and rnore than n i n e t y  suspended p a r t i c u l a t e  organic  compounds 
a r e  p r e s e n t  i n  contaminated urban atmospheres (S tern ,  1962) e 
T h i s  i s  probably a conserva t ive  estimate when one c o n s i d e r s  
the possible sources  of organic  emissions such a s  automobiles 
I 
and t r u c k s ,  petroleum r e f i n i n g  and s to rage ,  o rganic  s o l v e n t  
usage, f u e l  combustion, and i n c i n e r a t i o n  (chass  e t  a l . ,  1960) .  
A s  an example, the d a i l y  hydrocarbon emissions i n  Los Angeles 
County a lone  are es t imated  t o  be more than 2000 tons  ( A i r  
Conservation, 1965) (. A l t s h u l l e r  (1966) , Neligan (1962),  
Stephens and Burleson (1967),  and W i l l i a m s  (1965) have i d e n t i -  
f i e d  and t a b u l a t e d  specific organic.compounds found i n  the 
atmosphere T h e  l i s t s  inc lude  alkane , a lkene ,  a.lkyne , 
aromatic,  and oxygenated hydrocarbons. The lower molecular  
weight  a lkanes  and alkenes appear t o  be p r e s e n t  i n  the 
h i g h e s t  concen t r a t ions .  
Photochemical smog has rece ived  cons ide rab le  a t t e n -  
t i o n ,  and the g e n e r a l l y  accepted  o v e r a l l  r e a c t i o n  scheme 
involves  the fol lowing steps 2 
2 
KO2 + h y  3 NO + 0 
+ Xydrocarbons + Products O3 ( 3 )  
0 + Hydrocarbons 4 Products (4 1 
where h v r ep resen t s  t he  energy of  t h e  i n c i d e n t  ra .d ia t ion .  
The photodissoc ia t ion  of NO forms atomic oxygen which can 
2 
react d i r e c t l y  w i t h  the hydrocarbon p o l l u t a n t s  t o  form p a r t  
of t he  smog o r  wi th  moelcular oxygen t o  form ozone. The ozone, 
i n  t u r n ,  can a l s o  r e a c t  wi th  t h e  hydroca,rbons. As a group, 
t he  alkenes appear t o  be the  most r e a c t i v e  and e f f i c i e n t  a t  
producing smog. The suggested d e t a i l e d  mechanism involves  
f r e e  r a d i c a l  formation ( S t e r n ,  1968, p. 177-178), and t h e -  - 
p o t e n t i a l  number of p o l l u t a n t s  r e s u l t i n g  from i n t e r a c t i o n  
o f - t h e  r eac t ion  intermediates  and products i s  thereby g r e a t l y  
increased. The ozone t h a t  is  produced-na tura l ly  i n  the -  a t -  
mosphere appears t o  be of  minor importance i n  t he  o v e r a l l  process ,  
O n e  o f  t he  main suppor ts  f o r  t h e  photochemical 
mechanism i s  t h a t  a m i x t u r e  of n i t rogen  oxides  arid hydro- 
carbons i n  combination wi th  u l t r a v i o l e t  l i g h t  energy can 
produce, i n  t h e  l abora to ry ,  e f f e c t s  which a r e  i d e n t i c a l  or 
3 
very s i m i l a r  t o  those associated with t h e  photochemical smog 
around Los Angeles, A l t s h u l l e r  and Bufa l in i  (1965) have pre- 
sented an exce l l en t  review on the photochemical aspec ts  of 
a i r  po l lu t ion ,  including observations on effects  a s  w e l l  a s  
mechanistic cons idera t ions ,  Eye i r r i t a t i o n  (Al t shu l l e r ,  1965; 
Buchberg, 1963: Schuck, 1960) and p l a n t  damage (Al t shu l l e r ,  
1965; Middleton, 1961),  i n d i c a t i v e  of t h e  condi t ions a c t u a l l y  
found, have begn dupl icated i n  labora tory  experiments. 
I n  these  labora tory  experiments t h e  major products ob- 
served i n  the i r r a d i a t e d  hydroca rbon-n i t r i c  oxide mixtures 
included oxidant (demonstrated to be pr imar i ly  ozone),  aldehydes 
and ketones,  carbon monoxide, and organic  n i t r a t e s .  The organic  
n i t r a t e s  a r e  normally accounted f o r  by r eac t ions  such as  
Lesser amounts of epoxides,  a lcohols ,  esters, and peroxides 
have been reported (Al t shu l l e r  and Bufa l in i ,  1965).  
Since the  r eac t an t  concentrat ions a r e  low, the r a t e  
constant  for a given r eac t ion  m u s t  be r e l a t i v e l y  l a r g e  i f  t h e  
reac t ion  i s  t o  p lay  a s i g n i f i c a n t  role i n  smog formation. I t  
appears t h a t  p r a c t i c a l l y  a l l  of t h e  organic  oxidat ion reac- 
t i o n s  a r e  a t  l e a s t  i n i t i a t e d  t h r u  a t t a c k  by e i t h e r  atomic 
oxygen o r  ozone. I n  t h e  i r r a d i a t i o n  of ni t rogen oxide - 
hydrocarbon mixtures,  however, it has  been found t h a t  the 
r a t e  of disappearance of  t h e  hydrocarbon cannot be explained 
by consider ing only the r eac t ions  of t h e  hydrocarbon with 
ozone and atomic oxygen, Stephens (1966) c i t e d  some of t h e  
4 
work upon which this conclusion was based, Bufalini and 
Altshuller (1967) termed this difference an excess rate. In 
some cases, even under the most favorable conditions, less 
than half of the rate of disappearance of hydrocarbon could 
be explained by the reactions with atomic oxygen and ozone, 
Bufalini and Altshuller J1967)  have suggested and presented 
some evidence that free radical attack of the olefin (started 
by the atomic pxygen - hydrocarbon reaction) may, at least in 
part, be responsible for these apparent synergistic effects. 
However, to the best of our knowledge the effect of irradia- 
tion on the rates of the ozone-hydrocarbon and atomic oxygen- 
hydrocarbon reactions has not been studied. 
In this paper the published data on the kinetic rate 
constants for ozone-hydrocarbon reactions (Reaction 3 )  are 
reviewed for alkane, alkene, alkyne, aromatic, and oxygenated 
hydrocarbons. Also, results of some preliminary investigation 
on the ozone-ethylene reaction in particular are presented. 
Factors that need clarified are cited and suggestions are in- 
cluded for additional work. Data on the kinetics of the 
atomic oxygen-hydrocarbon reactions (Reaction 4) have been 
presented by Ford and Endow (1957) ,  Elias and Schiff (1960) ,  
Elias (1963), Altshuller and Bufalini (1965) ,  and Stephens 
(1966) a 
5 
REVIEW OF OZONE - HYDROCARBON KINETICS 
Ozone - Alkane Hydrocarbon Reactions 
The ava i l ab le  experimental da t a  ind ica t e  t h a t  t h e  
alkanes exh ib i t  a slower r a t e  of r eac t ion  with ozone than 
e i t h e r  t h e  alkenes,  alkynes, o r  aromatics,  Table I l ists  
published da ta  on the k i n e t i c  cons tan ts  of the  ozone - alkane 
hydrocarbon r eac t ions ,  The r eac t ion  r a t e  cons tan ts  a r e  
based on the  assumption of a second order  reac t ion ,  f irst  
order  w i t h  respec t  t o  each r eac t an t .  I n  t he  s t u d i e s  t he  
i n i t i a l  concentrat ion of both r eac t an t s  was f a r  i n  excess 
of those found i n  the  lower atmosphere of urban centers .  
Assuming normal atmospheric pressure  and 2 5 " C ,  these  i n i t i a l  
r eac t an t  concentrat ions ranged from about 40,000 t o  700,000 
ppm by volume. Where seve ra l  measurements e x i s t ,  t he  da t a  
agree q u i t e  c lose ly .  
, 
Ozone - Alkene Hydrocarbon Reactions 
The alkene hydrocarbons have received the  most a t t en -  
t i o n  r e l a t i v e  t o  r eac t ion  with ozone. Tables 11, 111, and 
I V  contain t h e  published r eac t ion  r a t e  constant  da t a  f o r  t h e  
ozone-alkene systems. 
A s  a group, t he  alkenes show the f a s t e s t  r a t e  of 
r eac t ion  w i t h  ozone, T h i s  is  due t o  the high s u s c e p t i b i l i t y  
of the carbon - carbon double bond t o  oxida t ive  a t t ack .  
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The mechanism of a t t a c k  of t h i s  double bond by ozone has re- 
ceived s u b s t a n t i a l  a t t e n t i o n ,  and Bailey (1958) has  presented 
a d e t a i l e d  review. T h e  genera l ly  accepted mechanism i s  a t -  
t r i b u t e d  t o  Criegee (1959) . The' ozone a t t a c k s  t h e  double 
bond producing a zwi t t e r ion  and an aldehyde. 
(6)  RIHC = CHR2 + O3 4 RIHC + -0-0- + 0 = CHR2 
I n  t h e  l i q u i d  phase, these may recombine t o  form t h e  ozonide, ' 
( 7 )  
\ 
/o- 0 
+ 
/ CHR2 RIHC -0-0- + 0 = CHR2 '+ RICH 
o r  t h e  zwi t t e r ion  may undergo a v a r i e t y  of o the r  r eac t ions  
depending on what r e a c t i v e  spec ies  a r e  present .  In  t h e  gas 
phase a t  temperatures normally found in  the lower atmosphere, 
it i s  doubtful  i f  t h e  ozonide s t r u c t u r e  e x i s t s .  
The r a t e  cons tan ts  shown i n  Table I1 a r e  all based on 
second order  k i n e t i c s  - first  order  with respec t  t o  both t h e  
ozone and the  o l e f i n ,  Subs tan t i a l  da t a  w e r e  found i n  t h e  
l i t e r a t u r e  with good agreement for many of t h e  compounds. 
However ,  o the r s  such a s  cis-2-butene, 2-methyl-2-butene, and 
trans-2-butene had r a t e  constants  t h a t  d i f f e r e d  by a f a c t o r  
of twenty t o  f i f t y .  
Many of  t h e  da t a  i n  Table I1 f o r  the reac t ions  
between alkenes and ozone w e r e  obtained by vrbaski  and 
Cvetanovic (1960).  They used a method of competing r eac t ions  
and determined only r e l a t i v e  r a t e  constants .  This method w a s  
based on t h e  r e l a t i v e  amounts of each product formed when two 
8 
n
 
m
 
W
 
0
 
r
l
 
v
 
4
 
c 
-4
 
r
l 
ng 
w
 5 a 
h
 
tn 
0
 
0
 
N
 
Y
 I I I I I I 
i- I c3 
r
l 
+
 I 0 rl ffl $ aJ c, 7 I (u I ffl .rl U $ m 
h
h
h
 
h
 
0
 
a
 
cn 
r
l
 
U
 
.d
 
rr! 
3
 
Q % 
h
 
u.4 v
 
4
 
r
l 
I I I I I I 
m
 
I 0
 
rl 
d
 I 0 
r
l 
ffl 
2 aJ c aJ c, 7 I (u I rl h s c, -4 a 2 9 m (u 
0
 
W
 
cn 
l-i 
v
 
-4
 
Q m 3 h 4-1 w rl m I I I I I I m I 0 rl d I 0 rl ffl aJ * a, c, 7 rl I I4 3 ? 5 h 7 (u 
U
V
Y
 
U
Y
V
V
 
.r
l 
.r
l 
-
-
 
@
s
i
 
r
lo
r
lr
l 
I
N
 
1
.
 
I
d
 
0
 
r
l 
X
 
I
i
-
 
I
.
 
I
r
l
 
I I I I I I 
fi 
I 0
 
r
l 
co I 0 
r
l 
ffl 
2 
m
 
m
b
 
I 
I
l
l
 
0
 
1
0
0
 
rl 
I
r
l
d
 
m
 
I
I
 
I
O
 
I
r
l
 
d
 
I
I
 
1
0
 
l
r
l
 
I
f
f
l
 
I
@
 
I
*
 
m
e
-
 
1
1
 I 
I 
I
O
0
0
 
I
r
l
r
i
r
l
 
m
i- 
l
l
 
0
0
 
r
l
r
l
 
w
+
i- 
I
I
 I 
I 
I
O
0
0
 
I 
r
l
r
l
r
l
 
d
b
 
I
I
 
0
0
 
d
r
l
 
fflffl 
a
J
a
J
 
** 
@
la
J
a
J
a
J
 
c
c
c
c
 
O
a
J
a
J
a
J
 
aJaJ 
c
c
 
a
J
a
J
 
+Jc, 
7
7
 
I
I
 
4
4
 
a
m
 
Q
) 
u d e, k a, 
IC( 
u 
c
o
o
 
m
w
 
o
m
 
r
l
r
i
 
-- 
I 
8 
I
(
v
 
I
l
l
 
I
1
 
I 
-
I
I
I
I
I
 
I 
I 
I
O
 
I
l
l
 
I
I
 
I 
-
I
l
l
1
1
 
I 
1
.
 
I
l
l
 
I
1
 
I
5
l
l
l
l
l
 
I 
! 
X 
I
l
l
 
I
I
 
I 
n
I
I
I
I
I
 
I 
I 
I
l
l
 
I
I
 
I 
~
l
1
1
1
1
 
I 
I 
I
r
n
 
I
l
l
 
I
I
 
I 
-
l
I
I
I
I
 
I 
I 
m
b
 
PI 
m
 
-
m
 
m
 
b
 
w
m
b
b
 
b
 
I
I
 
I 
I
I
 
I
I
 
I 
I
I
I
I
I
I
 
I 
I 
0
0
 
0
1
0
 
I
O
 
0
 
0
1
0
0
0
0
 
0
 
I 
4
I-
l 
r
i
l
d
 
l
r
l
 
r
l 
r
l
l
r
l
r
-
i
r
l
r
l
 
r
l 
I 
d
b
 
co 
e
 
9
 
d
 
b
 
W
d
P
b
 
03 
I
I
 
I
l
l
 
I
1
 
I 
I
I
I
I
I
I
 
I 
I 
0
0
 
0
1
0
 
I
O
 
0
 
0
1
0
0
0
0
 
0
 
I 
r
i
d
 
4
1
4
 
I
r
l
 
r
l 
r
l
l
r
l
d
r
l
r
l
 
r
l 
I 
a
J
a
J
a
J
 
Ft.IFt.IF1.I 
r
l
d
d
 
L
L
L
 
rn e, E: e, 
C
, 
1
0
 
N
 
N
 
N
O
 
c
o
o
 
Lo 
Ln 
V
Iw
 
L
n
w
 
cn 
0
 
cncn 
cncn 
d
 
P
I 
d
d
 
d
d
 
v
 
v
 
Y
W
 
v
w
 
k
 
I I 
I I 
I
I
 
I
I
 
I
O
 
I 
I 
I
I
 
1
1
;
 
w 
Y 0 Ln 
z 0, 
Y tz 
I
I
 
I
I
 
I
1
 
I 
I
1
 
I 
I
1
 
I 
I
1
 
a
 c ld 
m 
4
 
A
 
a
 c m 
Y co 
4
 
3
1
 
u 
-
2
 
H
 
H
I
 
Y 0 m 
a, I-I 
a, 
c 3 
c a, 
4J 
al 
A
 s 
r- I 0
 
d
 
tz 
+
m
 
I 
I
1
 
0
 
,
o
o
 
4
 
d
d
 
m
 
I
I
 
1
0
 
I
d
 2 2 
\
 
Eil I II 
x 
a, 
k
 
?
 
cl 
m k a, a 
4J 
u-l 
0
 
2 
a, 
k
 
3
 
4J 
m k a, c4 
4J 
u-l 
0
 
z 
0
 
u x n 
$1 
rQ 
co I 0 
d
 
co 
c
o
d
 
I 
I
1
 
0
 
0
0
 
d
 
d
d
 
e
 
I
1
 
I
O
 
I
d
 
u
a
 
8lcl 
a 
a a, c 
-rl 
w
 a, 
a
 
cl 
c a, 
a
 E 4 
a
 c 
-4
 
cl 
c a, 
a
 c a, 
a
 c 
4
 
4 
I 
I;' 0 m 
8 -4 4J u rd a, !4 
c 0 
.rl 
4J 
U
 
rd a, 
.!J 
m 
a
 a, k rd ; 
2 
- rd W 
h
 
Q
 
v
 
h
 
U
 
v
 
h
 
u-l 
W
 
a, 
c a, 
4J 
U 
0
 I 
d
 
a, 
c a, 0 a, 
d
 
? 
.. 
r
i
d
 
11 
alkenes w e r e  mixed and allowed t o  r e a c t  wi th  ozone, I t  pre- 
'supposed t h a t  no i n t e r a c t i o n s  occurred when the two o l e f i n s  
competed fo r  ozone and t h a t  each product being monitored w a s  
formed only from the primary r eac t ion  w i t h  ozore. In  t h e i r  
method, Reactions (8) and (9 )  w e r e  considered t o  be second 
order  wi th  the  i n i t i a l  concentrat ions of  t h e  two competing 
o l e f i n s ,  A1 and A2,  s u f f i c i e n t l y  l a r g e  t o  be e s s e n t i a l l y  
constant  dur inq  the  reac t ions .  
-$ a P + o the r  products (8) A1 + O3 1 1  
A2 + O3 - a2P2 + other products (9 )  
The r a t i o  of the r a t e  cons tan ts  w a s  obtained from 
Equation (10)  
(A, )  and (A,) represented t h e  concentrat ions of t h e  t w o  
o l e f i n s ;  al and a2  w e r e  t h e  s to ich iometr ic  
A (P1) and A ( P a )  represented t h e  changes 
t i o n s  of t h e  t w o  products being monitored. 
c o e f f i c i e n t s :  and 
i n  the concentra- 
The s to i ch io -  
m e t r i c  c o e f f i c i e n t s  w e r e  determined independently.  
Vrbaski and Cvetanovic presented t h e i r  r e s u l t s  a s  
i n  which ethylene was used a s  t h e  reference substance,  kl'kref 
and kref 
obtained from experimental  da t a  f o r  kl/k2 and k2/krefs  
order  t o  compare t h e i r  r e s u l t s  w i t h  t he  o t h e r  da t a  i n  Table 
11, the r e l a t i v e  r a t e  constants,kl/kref# w e r e  mul t ip l ied  by 
was assigned a value of 1-0. The r a t i o  kl/kref was 
In  
12 
3 1-4 x 10 liters/mole-second, which was the average of the 
absolute rate constants found in the literature for ethylene. 
The rate constants obtained by this competing method were 
generally lower than those reported based on other experimen- 
tal methods. 
Table I11 was taken directly from the work of Wei and 
Cvetanovic (1963) The values of k or k are the relative 
rate constantsl(with isobutene as the reference material and 
again assigned the value of 1.0) for the reaction between kre f 
ozone and 2,3-dimethyl-2-butene with various olefins competing 
for the ozone. In several cases, the relative rate constants 
were determined by monitoring two different products. In all 
cases, the relative rate constants were obtained in the 
presence and absence of molecular oxygen. These data show 
that, depending upon the competing olefin used and the par- 
ticular product monitored, the relative rate constant for 
the ozonation of 2,3-dimethyl-2-butene could differ by a 
factor of 2.1 or 1.5, depending on whether molecular oxygen 
was present or absent. ThusI the rate constants as determined 
by this method of competing reactions can be in error by a 
factor of about two, even before other experimental inaccura- 
cies are considered. 
0 2  N2 
The presence of molecular oxygen is also a signifi- 
cant factor with the ozone-olefin systems, Table IVI from 
Wei and Cvetanovic (1963), shows the relative rate constants 
determined in the presence and absence of oxygen. As in Table 
111 the reaction of ozone with isobutene in the presence of 
1
3
 . n Q, U 
14 
molecular oxygen was taken a s  t h e  reference Eor k : and 
s i m i l a r l y  for  kN , t h e  reac t ion  of ozone w i t h  isobutene i n  
the presence of ni t rogen was taken a s  t h e  reference.  The 
value of kref was a r b i t r a r i l y  assigned a value of 1 .0  f o r  
both k and k even though the a c t u a l  absolute  r a t e s  under 
these two reac t ion  condi t ions may no t  have been the same. 
A s  a r e s u l t ,  it is  d i f f i c u l t  t o  a s ses s  q u a n t i t a t i v e l y  the 
e f f e c t  o f  molecular oxygen on t h e  r eac t ion  r a t e  cons tan t  
because of the r e l a t i v e  na ture  of these  da ta .  However, W e i  
and Cvetanovic d id  r e p o r t  t h a t  the presence of oxygen a f f ec t ed  
t h e  stoichiometry of t h e  ozone-olefin r eac t ions .  Their da t a  
showed t h a t  i n  the presence of oxygen t h e  o l e f i n  t o  ozone 
consumption r a t i o  ranged from about 1 .4  t o  2.0 depending upon 
t h e  o l e f i n  while i n  t h e  absence of oxygen t h i s  r a t i o  w a s  near  
uni ty .  T h i s  was i n d i c a t i v e  of a secondary a t t a c k  on t h e  ole- 
f i n s  i n  t h e  presence o f  molecular oxygen. Cadle and Schadt 
(1952) and Bufa l in i  and Al t shu l l e r  (1965) a l s o  reported var- 
i a b l e  stoichiometry-when the r eac t ion  was conducted w i t h  oxy- 
gen present .  
0 2  
2 
0 2  N2  
1. 
The effect  of temperature on t h e  ozone-alkene hydro- 
carbon r eac t ions  has  been s tudied  only for  f i v e  alkenes 
(Bufa l in i ,  1965; Cadle, 1952).  However, i n  a l l  f i v e  cases  
the a c t i v a t i o n  energy was s i g n i f i c a n t l y  less than t h a t  f o r  
t h e  ozone-alkane r eac t ions ,  
15 
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Reactions of Other Hydrocarbons with Ozone 
The k i n e t i c  cons tan ts  for  t h e  ozone-alkyne hydrocarbon 
reac t ions  a r e  shown i n  Table V. These r eac t ions  w e r e  a l s o  
reported t o  be f irst  order  with respec t  t o  both r eac t an t s .  
These r a t e  cons tan ts  w e r e  genera l ly  intermediate  i n  magnitude 
between those of the alkanes and alkenes,  
The i n i t i a l  concentrat ion of t h e  r e a c t a n t s  was low, 
I 
only a f e w  ppm. N o  da t a  a t  concentrat ions comparable t o  
those employed i n  the  alkane inves t iga t ions  were ava i l ab le .  
However, Dillemuth e t  a l .  (1962) noted t h a t  ozone-alkyne 
reac t ions  proceeded with explosive violence a t  concentra- 
t i o n s  g r e a t e r  than a few ppm. 
Table V I  conta ins  what i s  believed t o  be a l l  of t h e  
e x i s t i n g  r eac t ion  r a t e  constant  da t a  f o r  t h e  aromatic hydro- 
carbon-ozone r eac t ions .  The much l a r g e r  r a t e  constant  f o r  
s tyrene  can be a t t r i b u t e d  t o  t h e  r e l a t i v e l y  high r e a c t i v i t y  
of the o l e f i n i c  double bond. These da ta  a l s o  po in t  t o  the 
g r e a t e r  r e s i s t a n c e  of the  hybrid bond of the benzene r i n g  
t o  a t t a c k  by ozone, 
of t h e  oxygenated hydrocarbons present  i n  contamina- 
ted  a i r ,  t h e  aldehydes appear t o  be most prevalent .  Quanti-  
t a t i v e  d a t a  on absolu te  r a t e  cons tan ts  w e r e  no t  found for 
the ozone-aldehyde r eac t ions  i n  the gas phase. However, 
Erickson e t  a l .  (1966) have presented some da ta  on the  reac- 
t i o n  of ozone with benzaldehyde and s u b s t i t u t e d  benzaldehydes 
a t  O O C .  In  these  s t u d i e s  the so lvent  had a s u b s t a n t i a l  e f f e c t  
on the  k i n e t i c s ;  b u t  t h i s  f a c t o r  i s  not  r e l evan t  t o  gas phase 
r eac t ions .  
c
 
c
a
 
0- 
r
 
a
 c: ? 0 Ql 
E 0 
u 
a
 El m 
0
 
t- 
t- 
I I I I I I I I I I 
cn 1 0 
r
l 
X 
M
 
0
 
r
l 
I 0
 
r
l 
X 
N
 
Lo 
2 al c h LI PI 8 
h
 
N
 
cn 
r
l 
v
 
5 E 0. =r I4 rl .d 0 aY 0 pl I I I I I I I I I I 
cn I 0 
r
l 
x m 
0
 
r
l 
I 0
 
d
 
X 
N
 
m
 
2 ar c h c, 3 I rl a 
k
 
0
 
c, 
U m 
u
 
I4
 
m
 
.d 
4J 
c 8 84 i I al k ni ffl 
.d 
A
 E 
2 2 a, P 3 . I a, 4 I1 X h A W a, c -4 CCI (u W w h tn LI aJ c a, c 0 -4 4J 4 4J U 4 5 m v m a, c, 0 z 
h
 
5 b 0 k .v .rl c v c m I: a, 0 ; 
v
 
ffl 
Id tn 
k
 
0
 
-4
 
k
 
&
 
Id U 
u 0 aJ )-I 3 ffl ffl a, k PI 
u
 0 
c, 
a
 c a, 
W
 c 
.d 
c, 
El m 
c, 
ffl 
E: 0 
0
 
a, 
c, 
8 8 
2 h U v 
18 
3 0 5: 
(U
 
U k a, 
4-1 
2 2 n
 
U
 
a, 
m
 I 
a, 
h
a
 
A
 
-
0
 
m
-
z
 
I 
u
\
 
n
 
0
 
v
 
u3 
rl 
0
 
0
 
e 
. 
0
 
0
 
V
 
V
 I I 
.
I
 
I I I 
b
 
i 0
 
l-4 
l
r
z
 
I
I
 
I
O
 
I
r
l
 
I I I 
m
 
r
;
 
a, 
a
 =r 4-1 0 k aJ 
a l-l 0 E: 
-rl 
5 d 3 6 i3 a l-l U a$' 
m A 
h
 
m 
e
 
.. ul aJ 4 
I4 u m
 
0
 
u X !I 
p/ 4J 
u
a
 
a
 I *. QI v m k m 
0
 
lx
 
m
 
h
 
h
 
U 
v
 
Q
 
v
 
19 
2 0  
PRESENT INVESTIGATION 
Experimental 
In the present studies a constant volume reactor was 
used to follow the reaction of ozone with ethylene by moni- 
toring the change in total pressure. Both the ozone decom- 
position and ozone-ethylene reactions were investigated 
using this procedure. 
I 
A 1000 cc, 3-neck round bottom glass reactor was 
immersed in a constant temperature bath controlled to about 
25°C. The reactor was connected to a 100 inch sulfuric acid 
manometer. 
CP grade ethylene (Matheson Co., 99.0 mole% ethylene, 
0.15% methane, and less than 50 ppm of ethane, propane, pro- 
pylene, and acetylene) and ozone dissolved in Freon-13 
(CC1F3) (Matheson Co,) were fed from cylinders. 
the system was swept with dry nitrogen and in others with 
dry oxygen prior to feeding the reactants. The ozone cylin- 
der was discharged in an inverted position, and the ozone 
Freon-13 mixture vaporized prior to entering the reactor. 
Bottled ozone dissolved in Freon-13 was a convenient 
source of ozone both for the higher concentrations desired 
in this initial work and also for obtaining ozone with a 
minimum of oxygen present. 
In some runs 
2 1  
Ozone concentrat ions w e r e  determined p r i o r  t o  a 
run by passing a known volume of gas through 2% potassium 
iodide so lu t ion ,  and t i t r a t i n g  t h e  released iodine with 
0.1 N sodium t h i o s u l f a t e  with s t a r c h  ind ica to r .  The i n i t i a l  
cy l inder  ozone concentrat ion was about 5 mole% bu t  a f t e r  
for ty- f ive  days had decreased t o  0 .5  mole%. This decomposi- 
t i o n  occurred d e s p i t e  s torage  i n  an insu la ted  container  a t  
d ry  ice temperqture. 
The i n i t i a l  ozone p a r t i a l  pressure i n  t h e  r eac to r  
was always less than 9 mm Hg,  and the pressure  changes t h a t  
occurred during r eac t ion  w e r e  s eve ra l  mm Hg. The r eac to r  
temperature was continuously monitored, and the  da t a  w e r e  
corrected t o  2 5 ° C  t o  compensate for temperature f l u c t u a t i o n s  
due t o  the h e a t  of r eac t ion  and t o  cyc l ing  of t h e  ba th  
c o n t r o l l e r .  
Discussion of R e s u l t s  
The ozone decompositidn r a t e  was f irst  order .  The 
da ta  a r e  plotted i n  Figure 1, T h i s  r a t e  i s  much h igher  than 
t h a t  predicted by Benson and Axworthy (1957) o r  Zaslowsky 
e t  a l e  (1960). This suggests t h a t  e i t h e r  r eac t ions  involving 
Freon-13 or  c a t a l y t i c  e f f e c t s  w e r e  important i n  t h e  ozone 
decomposition process e 
For the ozone-ethylene runs the i n i t i a l  r eac t an t  
r a t i o  (defined a s  t h e  i n i t i a l  p a r t i a l  p ressure  of  e thylene 
divided by t h e  i n i t i a l  p a r t i a l  pressure of ozone, o r  
22 
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C2H4 O3 
) ranged from 0.80 t o  57. Figure 2 shows t h e  
change i n  r eac to r  pressure divided by t h e  s t a r t i n g  ozone 
IP0 
, as  a funct ion of i n i t i a l  O3 p a r t i a l  pressure,  ( T I  - - T I  1 /Po 0 
r e a c t a n t  r a t i o  f o r  e i g h t  d i f f e r e n t  runs and f o r  r eac t ion  
time per iods of  15,  30, and 60 minutes .  A represents  the 
t o t a l  p ressure  i n  the r eac to r  a t  any time, and A r ep resen t s  
t he  i n i t i a l  t o t a l  p ressure .  The r eac to r  was flushed with 
ni t rogen pr ior '  t o  feeding the  r e a c t a n t s  f o r  t hese  runs 
O3 This dimensionless pressure  parameter, ( T I  --TI )/Po 8 
0 
is  an ind ica t ion  0.f t h e  s toichiometry of t he  reac t ion .  Con- 
s i d e r  t h e  general ized s toichiometry f o r  t h e  ozone oxidat ion 
of e thylene,  where a ,  b, and c represent  the s to ich iometr ic  
c o e f f i c i e n t s .  
aC2H4 + bo3 -& c Products (1) 
Assuming t h a t  t h e  i d e a l  gas law holds  f o r  t h e  r eac t ion  mix- 
t u r e ,  t h e  pressure  change during t h e  gas phase r eac t ion  due 
t o  a change i n  the-number of moles is  
g ives  Equation ( 3 ) .  C2H4 O3 Multiplying Equation ( 2 )  by Po 
0 n " T T  
O3 
c - ( a  + b) 
b 
O3 - P  
. C2H4 
O3 
1 ( 
C2H4 
(- (3)  
I n  theory i f  only one r eac t ion  is  involved, the r a t i o  
2 4  
30  m i n u t e s  
60 m i n u t e s  
Figure 2 
Dimensionless pressure  increase  as  a funct ion of i n i t i a l  
r e a c t a n t  r a t i o  f o r  system flushed wi th  n i t rogen .  
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could no t  change s ign ,  It  follows f r o m  Equation O 3  ( A  - A  0 )/Po 
13) t h a t  t h e  s ign  i s  determined only by the magnitudes of a ,  
b, and c and is independent of the i n i t i a l  r eac t an t  r a t i o .  
Furthermore, i f  the r eac t ion  w e r e  permitted t o  go t o  comple- 
t i o n  i n  the presence of excess e thylene,  ( n - A  
be cons tan t  a t  (c  - ( a  + b ) ) / b .  
should O 3  ) /p0  0 
In  Figure 2 ,  the  s ign  of t h e  dimensionless pressure  
parameter changed a t  i n i t i a l  r eac t an t  r a t i o s  of about three 
and f i f t y - f i v e .  Furthermore, ( A  - T )/Po 
constant  a s  the r eac t ion  proceeded even w i t h  a l a r g e  excess 
d id  not  become O 3  
0 
of ethylene.  B o t h  of t hese  f a c t o r s  show t h a t  m o r e  than one 
reac t ion  was involved. 
Obviously, one of  the competing r eac t ions  was t h e  
decomposition of ozone, w h i c h  i n  theory would be most impor- 
t a n t  a t  l o w  i n i t i a l  ' r eac tan t  r a t i o s .  However, the da ta  ob- 
ta ined a t  low i n i t i a l  r e a c t a n t  r a t i o s  showed t h a t  ( A  - r0)/ 
would change from p o s i t i v e  t o  negat ive even when adjusted O 3  
f o r  background ozone decomposition, Furthermore, a t  t h e  
higher  i n i t i a l  r eac t an t  r a t i o s ,  w h e r e  t h e  ozone decomposition 
should be r e l a t i v e l y  i n s i g n i f i c a n t ,  
changed s ign .  Both f a c t o r s  i n d i c a t e  t h a t ,  i n  add i t ion  t o  the 
again O3 ( A  - A ~ ) / P ~  
decomposition of ozone, a t  l e a s t  t w o  competing r eac t ions  must 
have been p resen t ,  .Gas chromatographic analyses  of s eve ra l  
of the experimental  runs a l s o  supported t h i s  conclusion. 
In  Figure 3 d a t a  po in t s  from t w o  experimental  runs 
i n  which oxygen was used t o  f l u s h  the system a r e  compared 
with t h e  curves from Figure 2 (n i t rogen  f l u s h ) .  I t  i n d i c a t e s  
t h a t  t h e  l e v e l  of oxygen concentrat ion apparent ly  can a f f e c t  
26 
30 m i n u t e s  
rr-rr, 
fg03 
60 m i n u t e s  
F i g u r e  3 
= System f l u s h e d  w i t h  n i t r o g e n  
X = System f l u s h e d  w i t h  oxygen 
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t h e  mechanism of t h e  ozone-olefin reac t ion ,  e spec ia l ly  a f t e r  
longer r eac t ion  t i m e s .  This f a c t  agrees with t h e  previous 
f indings of W e i  and Cvetanovic (1963).  
The r eac t an t  r a t i o  f o r  t h e  ozone-ethylene r eac t ion  
i n  urban atmospheres i s  about one. Total  atmospheric hydro- 
carbon t o  oxidant r a t i o s  a r e  on the order  of 60 t o  300 (Larsen, 
1967 and Stern ,  1968, p. 33):  the o l e f i n  t o  oxidant r a t i o  would ,  
of course,  be lower. A l t s h u l l e r ' s  (1966) t abu la t ion  indi-  
ca t e s  t h a t  the ethylene concentrat ion i s  i n  the same order  
of magnitude a s  t h e  ozone concentrat ion i n  pol lu ted  atmospheres. 
* 
Conclusions 
In  the system used, the r a t e  of  ozone decomposition 
was much higher  than t h a t  predicted by published da ta .  
Apparently, c a t a l y t i c  e f f e c t s  or poss ib ly  r eac t ions  involv- 
ing the Freon-13 w e r e  important.  T h e  decomposition of ozone 
is known t o  be catalyzed by many substances.  In addi t ion ,  
these experiments showed t h a t  t h e  ozone-ethylene r eac t ion  
k i n e t i c s  w e r e  s i g n i f i c a n t l y  a f f ec t ed  by the i n i t i a l  r e a c t a n t  
r a t i o  and t h a t  competing r eac t ions  w e r e  p resent .  L i t e r a t u r e  
values  f o r  k i n e t i c  r a t e  cons tan ts  f o r  some other o l e f i n s  
show considerable  v a r i a t i o n .  The presence of competing 
reac t ions  may i n  p a r t  be responsible  f o r  these d iscrepancies ,  
The ozone-olefin r eac t ions  may no t  be s t r i c t l y  second order  
a s  u sua l ly  has  been assumed i n  c a l c u l a t i n g  the r a t e  cons tan ts .  
F ina l ly ,  our da t a  agreed w i t h  the f ind ings  of W e i  and 
Cvetanovic (1963) t h a t  the presence of molecular oxygen 
a f f e c t s  the ozone-olefin reac t ions .  
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SUGGESTIONS FOR FUTURE WORK 
Assuming that the reaction sequence (Reactions 1-4) 
cited earlier for smog formation is correct, it would be 
exceedingly helpful to know quantitatively the extent of 
participation of Reaction 3 (ozone) and Reaction 4 (atomic 
oxygen) for a variety of hydrocarbons. Such quantitative 
rate data would enable one to predict the extent of smog 
formation for 2 variety of hydrocarbons and under actual 
urban atmospheric conditions. 
Since the low molecular weight alkanes, alkenes and 
aldehydes have been found most prevalent in smog forming 
areas, their reactions with ozone and with atomic oxygen 
need the greatest attention. Unless the atmospheric con- 
centrations of the slower reacting alkanes are significantly 
higher than those of the other two groups, the alkene and 
aldehyde reactions should receive the most attention. 
Specific recommendations follow. 
1. More reliable rate constants are needed for the reaction 
of ozone with C3 and C4 alkenes and with low molecular weight 
aldehydes. 
2. More reliable activation energy and pre-exponential 
factor data are needed for C2 thru C4 alkenes and low molec- 
ular weight aldehydes. These are needed for the quantitative 
prediction of temperature variations on smog formation, 
3, Experimentally, it is  extremely d i f f i c u l t  t o  ca r ry  out  
ozone r eac t ions  i n  the  complete absence of molecular o r  
atomic oxygen. However, it remains t o  be e s t ab l i shed  
whether t he  presence of atomic oxygen a f f e c t s  the  r a t e  of 
Reaction 3 o r  t he  presence of ozone a f f e c t s  the r a t e  of 
Reaction 4. In  o the r  words is the re  a syne rg i s t i c  e f f e c t  
between these  two r eac t ions  i n  t h e  absence of u l t r a - v i o l e t  
r ad ia t ion?  , 
4. S imi l a r ly ,  does the  i n i t i a l  r a t i o  of hydrocarbon t o  
ozone o r  hydrocarbon t o  atomic oxygen a f f e c t  e i t h e r  t h e  
r a t e  of reac t ion ,  t he  apparent r eac t ion  mechanism, o r  t h e  
r a t e  of decomposition of ozone? The r e s u l t s  contained i n  
t h i s  r epor t  suggest  s i g n i f i c a n t  e f f e c t s ,  a t  l e a s t  i n  t he  
presence of chlorotr i f luoromethane,  
5,  Are the  r a t e s  of Reaction 3 o r  Reaction 4 a f f ec t ed  
through heterogeneous c a t a l y s i s  by s o l i d  p a r t i c u l a t e  mat te r  
found i n  urban atmospheres? 
6 .  Each of t he  above recommendations should be examined 
fu r the r  t o  see i f  the  presence of u l t r a - v i o l e t  r ad ia t ion  
a f f e c t s  t h e  r a t e  and e spec ia l ly  i f  a syne rg i s t i c  e f f e c t  is 
noted between the ozone and atomic oxygen r eac t ions .  
7.  S imi l a r ly ,  t h e  e f f e c t  of molecular oxygen on the  r a t e  
and mechanism of t h e  ozone-alkene r eac t ions  remains t o  be 
determined, Qua l i t a t ive  da t a  ind ica t e  a s i g n i f i c a n t  effect ,  
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but quantitative data are still not clear, The experimental 
problems are formidable; the use of a gas chromatographic 
reactor with the ozone-oxygen mixture the mobile phase and 
the hydrocarbon the stationary phase should provide defini- 
tive results. 
8. And finally, it must be verified experimentally whether 
or not the rate constant is changed as the concentration of 
ozone and hydrbcarbon are reduced to the levels found in 
urban atmospheres, that is to concentrations of 1 ppm or 
less. Much of the present literature data are at higher 
concentrations, and the question has been raised as to 
whether these data are applicable at the very low concentra- 
tions found in practice. This question is especially per- 
tinent if surface catalysis with airborne particulate matter 
is a significant effect in smog formation. Experimentally 
it is not easy to simultaneously analyze for ozone and hydro- 
carbons, especially at initial concentrations of 1 ppm or 
lower. Two procedures are suggested. A gas chromatographic 
reactor using either conventional detectors or a mass spectro- 
meter detector should enable experiments to be conducted at 
initial concentrations of a few ppm. Secondly, a flow reac- 
tor with view ports positioned along the reactor length for 
analysis using infra-red spectrophotometry should also be 
applicable for work in the few ppm range. 
method the IR beam would need to be reflected several times 
through the reacting mixture to provide sufficient absorption 
On the latter 
31 
at these low concentrations to follow changes in the ozone 
and hydrocarbon concentrations. Although ozone has its 
strongest absorption band in the UV, the presence of UV 
radiation might modify the results (Recommendation 6). 
32 
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